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my] SNTION DESCRIPTION 



A. General purpose finventioii 
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Infiared (IR) detectors have 
Broadly, they can be classified as 
temperatuFe resolution of IR cameras 
NETD. Typically, a class of photonic 
devices to be kept at a reduced temperatu^ 
high cost of cryogenic IR cameras has 
£q>plicatiom. 



exteilsive medical, mdustrtal, military, and conunercial qiplications. 
photonic detectors or thermal detectors. The mmiTniim 
characterized as noise equivalent temperature difference or 
has &st response time and small NETD, but requires the 
(~80 K) to minimize the effects of internal thermal noise. The 
limited tfaeir use to primarily scientific research and military 



detxtors 



By not necessitating a cooling syistem, 
100 times smaller in size, and cdst 10 times 
microbolometer infiared focal plane arra^ 
is proposed comprising double cantileve ' 
imaging. 

B. Technical description of Invmtion 



B. 1 . Principle of cantilever bolometer am ivs 
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The proposed invention will 
position of two capacitor plates coiq>led 
pixel showing the major elements and 
shown in F^re 1. The top and bottom 
free-standing bimaterial cantilevers. The 
is such that the metal layer on the botto|m 
beam. The residual stress and curvature 
technique and/or varying layer thickness, 
cantilevers. 



themal 
isoiadaiieg 



IR cameras would require 20 times less power, be 10 to 
less than cooled cameras. This Invention relates to uncooled 
s (FPAs) with NETD in the mK range. A disruptive technology 
microbolometer focal plane arrays for uncooled infiared (IR) 



a thermally sensitive bimaterial element that controls the 
the ii^Nit of a low noise MOS anq>lifier. A cross section of a 
1 Materials of tiie double cantilever microbolometer structure is 
)lates of the sensing capacitor are composed of two overlaiq)ed 
mentation of the bimaterials for the top and bottom cantilevers 
cantilever beam faces the metal layer on tiie top cantilever 
<|f each bimaterial layer will be modified by an ion inq>lantation 
An IR absorption layer will be dq>osited on the surfoces of both 



IR absorb or 




Figure 1: Cross section of a pixel shovldng 
microbolometer stracture. The orientatiqn 
<^tilever beam fiices the metal laver on 



the major elements and materials of the double cantilever 
of the bimaterials is such that the metal layer on the bottom 
he top cmitilever beam. 



Figure 2: The exploded top view (a) and side view (b) of tiie double cantilever ndciobolometer 
stmctuie. A thin JR absorber layer on die cantilever sur&ces is not shown. 



The bimaterial element with maxiinnm difference in tiiermal-expansion coefficients would 
convert heat into mechanical ihovement Since the metal layers on the top and bottom cantilever beams 
are designed to face each other, tbe JR irradiation would result in &e top and bottom cantilevers 
deflecting in <q)posite directions, &us enabling.a large chan^ in the sensing ciqncitor. Figare 2 shows 
the finite element simulation of the double cantilever cq>acitor upon IR irradiation. As each layer flexes 
due to differential thermal expansion, it would control the position of individual cq)acitive plates coupled 
to die readout circuit In our design, the fliermally isolatmg support legs can prevent heat fiom being 
shunted down to the substrate, and the electrical connection on top of tiie Aermal insulator is designed to 
have minimum inyact on the thermal resistance. 

B.2. Pixel design 

When a microcantilever is exposed to infiared radiation, the temperature of the cantilever would 
increase due to absorption of the thermal energy. If two cantilevers are constructed from materials diat 
exhibit dissimilar thermal expansion properties, these cantilievers would undergo bending due to 
differential surface stress in the structure. Assuming the width and thickness of each individual l^er in 
bimaterials are identical, tiie deflection, z, at tiie free end of a cantilever introduced by fliamal strain can 
be derived as. 
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z = - 



2t 



(1) 



where k is a canstant which is rebted to Ibe inatmial pK^)eitie^ Aa=ai-a2 is the difif^ence of the thennal 
expansion coefficient for the bimaterials, I is the lengdi; / the thickness of the iiidividiuU layer, and AT 
the change in tenqieiatiire. For a dooble cantiieyar stnic^ of the (detection mechanism 

can be expressed as, 

z=|Az/AT|^+|Az/AT|b^ (2) 

where |Az/AT|b9 and lAz/ATiboaom represent the deflection p^ unit temperature for the top and bottom 
plates. The therrnomechanical seibitivity of tbieseD^ 
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(3) 



Z+Zo 



where zo is the initial gap distance of the sensing capacitor and z is tfaie average deflection. 

In practice, the ^ensmg structure, position of each element, and dectromc 'addressing; c^^ 
vary considerably; To qrtinize the design, the mebh^uucal deflectii^ the caiitilei^ nudpbploni^ as 
a function of temperature change is simulated by a three'<^ensiQiial finite element 3a ^ 

shows the deformed structure of the double cantilever structure siibjected to IR irnuliaiitipjbu Obviously, 
the top plate is bent tq> while thebottom one is b^t down. The average movement of two plates relatiye 
to die change in tenq)erature is 0.452 iua/K. NETD for the double caiitilever nucrpboioiiibt^ 
as 8.6 mK. This value can b^ further reduced by d^sreasihg die electrical noise froHn readout circuit If 
the readout noise is negUgible, iVE^ can be re^^ . 
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Figaire 3: Finite eletiteiit . 8initikti<m of double 
and single cantilever riiicrdbdlometdr stnictiiiiejs 

upon IR irradiation, (a) Double cantilever z = 
0.452 nm/K, NETD = 8.6 mK; (b) Single 

cantilever 'z = 0227 |im/K, Ji^Tl) = 13 mK. 

(c) The calculated tiuarmooaeclii^ 

of die double cantilevor rnicrobblometer is 

twice greater than tiie single oantilever 

microbolometer. 
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Figure 4: Effect of the sensing ciq>acitor g^ on (a) NETD and sensing capacitance, and (b) 
tiiermomechanical sensitivity for double cantilever microbolometer FPAs. 



Figure 3b shows the finite element simulation of single cantilever microboloineter design. The 
temperature induced movement of the plate, 0.227 ^m/K, is half of the movement of the double 
cantilever structure. Corre^ondingly, its NETD vahie, 13 mK, is higher tfian that of the double cantilever 
microbolometer, 8.6 mIL 

Figure 4 shows the effect of the sensing cq>acitor gcq) on NETD, sensmg capacitance change and 
thermomechanical sensitivity for double cantilever microbolometer FPAs. All these panuneters axe 
benefited ftom the small g{q) distance. In the febrication of the double cantilever microbolometer device, 
the sensing c^Micitor gap is controlled by the second sacrificial layer thickness. 

B. 3. Curvature modifications 

As seen in Figure 4, the performance of cantilever microbolometer is affected significantly by the 
gap distance. Since the bimaterial cantilever structures are always curved due to the residual stress, it is 
of critical importance to manufacture the designed architecture with a flat curvature. 

A neutral ion-machip «"p tRrhniqnp. has Wn developed in our team to alter die contour shape of 
fifee-standing thin-fihn structures by affecting their stress state. The ion beam can.flat an initially carved 
microstructure by (i) rendering an amorphous ihin film layer of material near the semiconductor sur&ce, 
and (ii) removing material at the semiconductor surface after continuous bombardment In a proof-of- 
concept experiment on MicroElectroMechanical S^tems (MEMS) mirrors, we have demonstrated a 
nearly perfect planarity by using this technique; fiee-standing mirrors with radii curvature measured m 
meters were produced systematically. Another technique for curvature correction is varying the thickness 
of individual lavers in bimaterial cantilever architectures. A finite element model has been built to 
characterize the effect of layer tiudmess on structuie boiding in double cantilever micrdbolometers. 

C. Advantages and improvcmentg over erisdng niediods. devices or materiab 

Currentiy, two types of uncooled IR camera, i.e. resistive microbolometer and pyroelectric 
detector arrays, are commercialized. Both have demonstrated an NETD of less than 20 mK and 50 mK, 
respectively, and response time m the millisecond range. Further ioqnovement of tiie performance of 



these detectors, however, is limited by the fundamentals of the tenq)erature coefScient of resistance (for 
resistive microbolometers) or the pyioelectric coefficient (for pyroelectric detectors), as well as high 
noise level. 

Recent advances in MEMS have led to the develq>ment of uncooled single cantilever 
microbolometer arrays, which function based on the bending of a bimaterial beam upon absorption of 
optical energy. However, their manufacturability, planarity and reliability have been inadequate in 
systems. The released cantilever structures ace always bait vp due to the imbalance residiial stress. In 
addition, die theory predicts that die sensitivity of die cantilever inicrobolometer is inversely proportional 
to die g^ distance between the cantilever and the substrate. A small gap results in high performance. 
However, experimental results show that a small gap also leads to severe problems caused by sdction and 
sacrificial layer remaining in the released structui^. 

The advantages of the proposed double cantilever microbolometer FPAs include 

(i) Extremely high sensitivitv . The temperature induced capacitance change of the double cantilever 
structure is about two times larger than that of die single cantilever stnicture. The NETD is about 
13 mK and 8 mK for single and double cantilever microbolometers, respectively. Moreover, the 
double cantilever beams are flat radier than curved, and diere is no ai^ additional dielectric layer 
between two metal plates. This fiirther increases die detection sensitivity. 

(ii) Low noise level . Since Johnson noise is negligible, the total noise of the cantilever 
microbolometer is about an order of mi^tude lower than the resistive microbolometer. 

(iii) High image quality with pixel-bv-pixel image-correction capability . 

(iv) Almost complete absorption of the IR irradiatioiL The incident IR light is absorbed by the 
overlqiped top and bottom cantilevers that result in die sensing cqiacitance change. Hie resonant 
cavity with a X/4 gq> is designed to increase die IR absorption efficiency. 

(v) Flexibility in the design and fabrication. Hie thidmess of die first sacrificial layer (between die 
substrate and the bottom cantilever) is ~2.S ^m for the purpose of forming a A/4 resonant cavity 
and releasing the structural bimaterial elements; whereas the thickness of the second sacrificial 
layer (between two cantilevers) is designed to be less than 0.5 )un for improving die sensitivity. 

(vi) Robust and IC foundry process compatibility. The reliability and fiibrication yields are io^roved 
due to die simplified mechanical structure. 

D. Possible variatioiiif and miwUficatioiM 

Currentiy, Al and SiNx material pairs are used as the conq)onent5 of bimaterial cantilever beams. 
Other materials can be used to meet the requirement of efficient electrical conductance and/or infiared 
absorption. 

An alternative design of the orientation of bimaterials is such that the semiconductor layer on the 
bottom cantilever beam feces the metal layer on the top cantilever beam (Figure 5). Such configuration is 
suitable for heavily curved cantilever bedims. Without IR irradiation, the gap between bottom and top 
cantilever beams is not sensitive to residual stress induced bend. 
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Figure 5: Schematic diagram of a double cantilever microbolometer. The orientation of bimaterials is 
such that the semiconductor layer on the bottom cantilever beam fi»:es the metal layer on the top 
cantilever beam. 



E. Features believed to be new 

The concept of cantilever microbolometer is different from die conventional pyroelectric or 
resistive microbolometer for uncooled JR detectiott Bimaterial cantilever beams are adopted as the 
sensing elements which exhibit extremely high sensitivity and low noise. A robust, uncooled IR camera 
is expected to be &bricated whose performance is comparable with the best cryogenic IK detector (~S 
mK tenqierature resolution). 

F. Possible uses of invenflon 

The uncooled microcantilever IR camera can be designed in different configurations to suit the 
specific need in future battlefield. Tanks have driving systems that rely on thermal IR imaging to 
navigate any terrain day or night That is one of tiie benefits of tiiermal IR imaging technology, i.e. it can 
be used in daylight or complete darkness, totally independent of visible light Ground forces can be 
issued small pocket sized thermal IR imagers for short to medium range surveillance and reconnaissance; 
whereas snipers can be fomished with tiiermal IR imaging weapon sights which can acquire and renoove 
living targets fiom considerable distances. 

G. State of devdonment 

The invention is used to develop a disruptive technology for the fiMcation of robust, MEMS 
based double cantilever microbolometer anays for uncooled infiared detection. The advantages of the 
pixel design include extremely high sensitivity and low noise. An ion beam machming technique is 
adopted to modify the residual stress and curvature of each bimaterial layer. Successful conqiletion of the 
milestones proposed would lead to a flat double cantilever TR itnap rin p syKtem re flchin g a NETD in the 
mK range . Such uncooled microbolometer FPAs can compete witii the best cryogenic ones (~S mK 
NETD). The fiibrication processing of such device is finable and CMOS conq>8ttble. 

H. Prospective commercial Interest 

The infrared camera has proved useful in a variety of applications. Law enforcement q}plications 
include criminal tracking, land/airbome snrveillance. drug facilitv detection, or vehicles which have been 
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recently operated all from a safe distance; industrial users can detect flaws in manufacturing or 
weakened insulators, fire safety professionals can detect frill vs. empty flammable storage containers, 
and forestry workers can easily track game or poachers. Other applications include non-destructive 
testing, process control, predictive and preventative maintenance, building and factory diagnostics, 
energy audits, roofing and insulation inspection, insurance fi^ud prevention, veterinary/human medical 
imaging, border patrol, remote security monitoring, and many more applications being discovered. 




A two or three sentence, n n-confidential description f its usefulness 

The invention uses to disruptive technology for the fabrication of an uncooled, flat cantilever 
microbolometer focal plane array whose performance is comparable with the best cryogenic IR detector. 
Such a device can be used for law enforcement, industry, fire safety professionals, forestry workers, and 
battlefield. 



A one page non-confidential description of its usefulness 



The infrared (IR) detectors described in this document have extensive medical, industrial, 
military, and commercial application. Broadly, they can be classified as either photonic detectors or 
thermal detectors. A class of photonic detectors has fast response time and small NETD (noise equivalent 
temperature difference), but requires the devices to operate at very low temperatures (~80 K) to minimize 
the effects of thermal induced noise. The high cost of these cryogenic IR cameras has limited their use 
primarily to scientific research and specialized military applications. 

By eliminating the requirement for cryogenic cooling, IR cameras would require 20 times less 
power, be 10 to 100 times smaller in size, and cost 10 times less than cooled cameras. Currently, two 
types of uncooled IR cameras (i.e. resistive microbolometer and pyroelectric detector arrays) are 
available commercially. Both have demonstrated an NETD of less than 20 mK and SO mK, respectively, 
and response times in the millisecond range. However, further improvement to the performance of these 
detectors is limited by the fundamentals of the temperature coefficient of resistance (for resistive 
microbolometers) or the pyroelectric coefficient (for pyroelectric detectors), as well as high noise level 
associated with this design. 

The invention employs a disruptive technology for the fabrication of a robust, 
MicroElectroMechanical System (MEMS) based microbolometer array for uncooled infrared detection. 
The advantages of this pixel design include extremely high sensitivity and low noise. Such tmcooled 
microbolometer infrared focal plane arrays (FPAs) have similar or better sensitivity than cryogenic based 
sensors (~5 mK NETD) and the fabrication/processing of such a device is flexible and CMOS 
compatible. 

An uncooled microcantilever IR camera can also be designed in different configurations to suit 
the specific need, latw enforcement applications include criminal tracking, land/aiibome surveillance, 
and drug facility detection, all from a safe distance. Industrial users can use the device to detect flaws in 
manufacturing or damaged insulators. Fire safety professionals can detect full vs. empty flammable 
storage containers. Forestry workers can easily monitor the movement of animals or identify illegal 
hunting. In the future battlefield, ground forces can be issued small pocket sized thermal IR imagers 
for short to medium range surveillance and reconnaissance; whereas snipers can be furnished with 
thermal ER imaging weapon sights which can acquire thermal radiant targets from considerable 
distances. Other applications include non-destructive testing, process control, predictive and preventative 
maintenance, building and factory diagnostics, energy audits, roofing and insulation inspection, 
veterinary/human medical imaging, border patrol, remote security monitoring, and many more 
applications yet to be discovered. 
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ABSTRACT 

The feasibility of micromechanical optical and infrared (IR) detection using microcantilevers is 
demonstrated. Microcantilevers provide a simple means for developing single- and multi-element sensors 
for visible and infrared radiation that are smaller, more sensitive and lower in cost than quantum or thermal 
detectors. Microcantilevers coated with a heat absorbing layer undergo bending due to the differential stress 
originating from the bimetallic effect. Bending is proportional to the amount of heat absorbed and can be 
detected using optical or electrical methods such as resistance changes in piezoresistive cantilevers. The 
microcantilever sensors exhibit two distinct thermal responses: a fast one (x*"™' < ms) and a slower one 
(t''^'"""' ~\Oms). A noise equivalent temperature difference, NEDT = 90 mK was measured. When 
uncoated microcantilevers were irradiated by a low-power diode laser (A = 786 nm) the noise equivalent 
power, NEP, was found to be Z.SnWl-IWz which corresponds to a specific detectivity, D , of 
3.6x10 cm- ^ at a modulation frequency of 20 Hz . 



2. INTRODUCTION 



Because infrared is the second most intense radiation band in our environment, its detection and imaging has extensive 
industrial, military, and commercial applications, including remote monitoring of facilities and equipment, process control, 
surveillance, night-vision, collision avoidance, and medical imaging. Presently, there are several families of commercially 
available infrared detectors, including thermopiles, pyroelectrics, bolometers, and various solid state detectors'-^. Thermopile 
detectors typically have a large thermal mass and long response times {>lOms). Bolometers using micromachined, suspended 
foils have much better rise times due to their reduced mass. Both thermopiles and bolometers offer broad spectral response 
when coated with suitable optically absorbing materials. Solid state detectors for the infrared region, such as quantum well 
devices, must generally be operated at reduced temperatures due to inherently high thermal noise. Additionally, the spectral 
response of these semiconductor devices is limited by the intrinsic properties of the composing materials. These infrared 
detectors can be classifies either as quantum - such as the pyroelectrics; or thermal detectors - such as bolometers and 
thermopiles. For the former type, incident infrared radiation is converted into an electronic response while with thermal 
detectors, IR radiation is converted into heat v^ch is subsequently detected through temperature changes in the detector. 
Depending on the operational demands, one type of detection device may be favored over another. As a general rule, when the 
photon energy of the infrared radiation hv>kBT , photon detectors offer better performance and when hv<kgT , thermal 
detectors are generally favored. 




Figure 1. Left drawing is a cross-sectional schematic showing the bending response of a bimetallic cantilever with an IR adsorbing coating. Surface 
stresses S\ and are balanced at equilibrium, generating a radial force F, along the medial plane of the microcantilever. These stresses become unequal 

upon exposure to IR radiation producing a bending force, , that displaces the tip of the microcantilever. Middle - is a scanning electron micrograph of 
one of the piezoelectric IR sensors used (calibration bar is 16/im). Right - is another scanning electron micrograph of the Si■^^ microcantilevers used for 
the experiments compared to a human hair (calibration bar is 62.S/im ). 
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A new approach for producing compact, light-weight, highly-sensitive micromechanical infrared detectors is provided 
by microcantilever technology which is based on the bending of a microcantilever resulting from absorption of opticaJ energy. 
When a microcantilever is exposed to infrared radiation, the temperature of the cantilever increases due to absorption of this 
optical energy^''*. If these microcantilevers are constructed from materials exhibiting dissimilar thermal expansion properties 
(such as silicon nitride coated with a thin gold film), the bimetallic effect will cause the microcantilever to bend in response to 
this temperature variation'"''' (such a response is shown in the left image of Figure 1). The extent of bending is directly 
proportional, in first order, to the rate of energy absorption, which in turn is proportional to the radiation intensity. Previous 
work has shown that microcantilever bending can be detected with extremely high sensitivity'^ ". For example, the metal- 
coated microcantilevers that are commonly employed in atomic force microscopy (AFM) allow sub-Angstrom (<10""'«) 
sensitivity to be routinely obtained. Recent studies have reported'-'* the use of microcantilever bending for calorimetric 
detection of chemical reactions with energies as low as a few pJ . It was demonstrated' that the detector had an observed 
sensitivity of 100 pW corresponding to an energy of 150// and proposed using the sensor as a femtojoule calorimeter. An 
estimate of the minimum detectable power level was of the order oflOpW , corresponding to a detectable energy of 20 fl and 
a temperature sensitivity 10"^ X'. However, using an optimally designed cantilever, the sensitivity may be improved even 
further '"■'■'. Hence, for applications in optical radiation detection, microcantilevers can be coated with appropriate absorptive 
materials such that they undergo bending upon exposure to radiation (such as infrared or near infrared radiation). IR sensing 
cantilevers are typically 100-200 /im long, 0.3-4^ thick and 10-50 wide, and made out of materials such as silicon 
nitride, silicon or other types of semiconducting materials'^. Due to the monolithic nature of these devices, they can easily be 
produced in one- and two-dimensional arrays with hundreds of levers on a single wafer. This type of fabrication scheme 
possesses obvious advantages when considering the production of infrared imaging systems with these cantilever devices. 

When considering the bending of the lever, a proportionality between bending and the absorbed energy by the 
microcantilever is obtained by assuming a spatially uniform incident power, dQIdt, onto a bimetallic microcantilever. 
Therefore, the maximum deflection, Zmax > due to differential stress is given by'-"'"-": 

^max-^ (^1 + ^?)/^ . T]{a\-a2){dQldt) 

4 (Ai<n-A2<2)w/^ 4(l+r?/f|)f 1/'1'2 (6t^ + Eiti/E2yEUi/E2ti 

where / and w are, the length and width of the microcantilever, respectively, ti and /2 are the thicknesses of the two layers, 
Ai ,A2 ; 0C\,CC2'> ^h^2 2J"e the thermal conductivities; thermal expansion coefficients and Young's moduli of elasticity of the 
two layers; xj is the fraction of the radiation power absorbed. 




Transducer 



Figure 2. (a) Schematic representation of the piezoresistive IR detection experiment. The piezolever is part of a Wheatstone bridge, 
one of the legs connected to ground, the other to a metal film resistor with approximately the same resistance R - 2000 fi. The other 
two outputs are connected to the input of a differential instrumentation amplifier, (b) Schematic diagram of the optical read-out 
method for [R detection. 



19- 




TEMPERATURE.! 09 POWER. P,, OiW) DISTANCE. L (cm) 

Figure 3. (a) Response of the Wheatstone bridge detection circuit, , and deflection, , of the piezolever as a function of the 
source temperature, (b) Response as a function of the absorbed thermal power and (c) as a function of IR source distance, L . 

3. EXPERIMENTAL 

3.1. Piezoresistive Deflection Monitoring 

A schematic diagram of the piezoresistive cantilever deflection detection technique is given in Figure 2(a). In this 
example, surface doped silicon microcantilevers were used in which the piezoresistance across the cantilever varied when it 
bent due to thermal stimulation. The design and construction of these cantilevers is described in detail elsewhere^"-^'. The total 
resistance of the cantilever was approximately 2000 Q, which was electrically connected across one arm of a dc-biased 
Wheatstone bridge circuit. The change in the total resistance is directly proportional to the maximum deflection of the 
cantilever^": 

ejt(T) = 3Rza„(T)x\0-^ (2) 

where Zmax(T) is expressed in imi. 

The thermally induced deflection of the cantilever is caused by the bimetallic effect which arises due to the difference 
in the thermal properties of the IR coating, the metal layer, and the native silicon body of the cantilever. A reference voltage 
Vq (equal to 9 volts in these experiments) was applied across the circuit and the voltage difference, AV(T), across the 
Wheatstone bridge circuit was digitized using a Tektronix TDS 544A digital oscilloscope or fed into a Stanford Research 
Systems SR8S0 lock-in amplifler. The measured voltage A F is related to the deflection of flie cantilever by 

AK(r)=-^z„„(r)xl0' (3) 

The experimental measurements were performed using piezoresistive microcantilevers as temperature sensors in the 
configuration shown in Figtire 2(a). The commercially available piezolever'* was coated with ~ SO nm of gold black which 
served as the IR absorbing material. IR radiation was then focused onto the sensor using a 2.54 cm diameter IR lens v/ith a 
focal length of 3.5cm and a wavelength transmission range between 0.6-lS/im^. A Stanford Research Systems SR-540 
chopper was used to modulate the IR radiation upon the detector. The sensor assembly was positioned \5cm from a soldering 
iron which served as the IR source. A calibrated thermocouple was attached to the IR source so that its temperature could be 
recorded. 

The thermal power absorbed by the detector can be described as: 

Plhermal = ^^='1'i\j^^'*Se<rS-B(^S -Tr ) (4) 

where is the transmission of the lens, Ap is the effective area of the sensor, L is the distance of the detector from the 
source. As is the area of the target (IR source), c is the target's emissivity, Os-b is the Stefan-Boltzmann constant 
(~ 5.67x10"' W-cm'^ • IT*), Ts is the temperature of the target, and Tg is the background temperature. In the present 



studies ~ 0.7, Ap = 6.2 x 10"^ cm^ , L~\5cm, ~ 90c»i^ , and Tk = 294K. Using these values in Eq. (4), the absorbed 
thermal power (in Watts) is P^rmai ~ 6 064 x 10"" [rj -(294)'' ] (assuming that ;j ~ 0. 9 and a measured £ ~ 0. 43 for the 
hot iron IR source). 
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Figure 4. Response of the Wheatstone bridge detection circuit, AK , deflection, 2„ 
function of Uie modulation iicquency. 



and noise Al^, of the piezolever as a 



The response AF was measured as a function of the temperature, T, of the IR source. This is plotted in Figure 3(a) 
along with the deflection, Zmax , of the piezolever and can be seen to be a monotonically increasing function of temperature. In 
Figure 3(b) a plot of the response of Wheatstone bridge circuit, A V, and the deflection, z^ax > of the piezolever detector as a 
flinction of the total power absorbed by the detector and it can be seen that it increases linearly with increasing power. From 
the slope of this line, a deflection sensitivity of 0.125 nm / fiW is obtained. At a modulation frequency of 30 Hz, a noise 

equivalent power (NEP) of ~ 70 n was also obtained, where NEP = {aV„I AV)x Poumiai I AK„ is the background 

noise level (aK„ ~ 10"* f^). 



The response of the detector was also measured as a function of the distance from an IR source. This is shown in 
Figure 3(c) where A K and z„^ are plotted as a function of the distance, L , between the detector and the surface of the 
soldering iron (IR source); L was varied from 14 cm to 35 cm . The ambient temperature was ~ 294 and the temperature of 
the IR source was held at 693 K . The measured A V and calculated Zma. were found to decrease with increasing distance and 
followed closely an inverse square relationship with distance [see Eq. (4)] for distances larger than 15 cm . 



Since the response of any thermal sensor depends on both the amount of heat falling onto the detector and the length of 
time it is exposed to the incoming IR radiation we measured the response of the Wheatstone bridge circuit, AK, and the 
deflection, , as a function of modulation frequency of the IR radiation (Figure 4). It can be seen that the detector response 
(and the deflection of the cantilever) decreases with increasing modulation frequency. The tenq>oral response of the 
temperature sensor was also determined by measuring A F as a function of time. The microcantilever was found to exhibit two 
thermal response times due to the incoming IR radiation; a time t{*"™' <lms and a time t?"™' that is somewhat longer 
(~10j7«). 



These findings demonstrate that small changes in temperature induce deflections of the microcantilever correspond to 
measurable changes in the piezocantilever resistance. It should be noted that these commercially available piezolevers have 
been designed to be minimally sensitive to changes in temperature so as to reduce the noise and interference in scanning probe 
microscopy applications. Therefore, the temperature sensitivity of the piezolever could .be further improved by optimizing its 
shape, IR absorbing coating and thermal isolation. 
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Figure S. Schematic view of the 0 .6pin thick 513^4 microcantileveis used for evaliiatira of thermal response. Note that results 
from only the two left-most microcantileveis (out of five total) on the lower chip are presented. 

3.2. Optical Deflection Monitoring 

Bending of microcantilevers can readily be determined by a number of means, including optical, capacitive, tunneling, 
and, as shown before, piezoresistive. The optical deflection approach used was adapted from standard atomic force microscopy 
imaging systems, and is shown in Figure 2(b). Microcantilevers were mounted in a holder (from Digital Instruments) designed 
for tapping mode AFM, which secured the base of the microcantilever against a small piezoelectric transducer; this chip holder 
was then moimted on a three-axis translation stage to facilitate fine adjustment of the microcantilever relative to the rest of the 
experimental apparatus. Collimated optical radiation from a diode laser was used to evenly illuminate the mounted 
microcantilever (pump wavelength of 786 nm, beam diameter of 6 mm, centered on the tip of cantilevers 180-320/«w in 
length). Output of this excitation source was modulated sinusoidally at frequencies ranging from DC to 100 kHz, with peak 
powers ranging from 0 toXS.SmW (0 to 65 mW /cm^). This configuration provided a flexible, easily controlled test system 
for quantifying microcantilever response to optical energy. All measurements were conducted at ambient tenqwrature and 
atmospheric conditions. 

A second laser was used in a probe configuration to monitor bending. A heliiun-neon laser (or HeNe, delivering 
3mW at 633 nm ) was focused onto the tip of the microcantilever using a lOX microscope objective; to minimize heating of the 
tip by the probe laser, optical power was reduced by placing a neutral density filter with an optical density of 1 .0 between the 
probe laser and the objective. A dual element photodiode displacement detector was used to collect the reflected probe beam 
[position detectors PA and PPi in Figure 2(b)]; al/im bandpass filter centered at 633 n/w was placed in front of the detector 
to block scattered light from the pump laser. The difference signal from the detector pair as the cantilever tip changed position 
- PPi y [pa + PA2 ]) was used to measure the displacement, d . This signal was directiy digitized and stored, or sent to 
a lock-in amplifier (SR850, Stanford Research Systems) for signal extraction and averaging. The lock-in amplifier was also 
used to control modulation frequency and output level of the pump laser. 
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Figure 6. Mechanical and optical excitation spectra for a Type m microcantilever. Response to frequency swept mechanical 
excitation is given in spectrum 'A'; similar results for optical excitation are shown in spectrum 'B'. Optical excitation was effected 
using a sinusoidally modulated pump laser at 786 nm . Spectrum 'C* shows noise response when the pump laser is operated in a dc 
mode. Fimdamental mechanical resonance at 6.2kHz and higher-oider resonance at 37kHz are evident for both optical and 
mechanical excitation. 



Optical response characteristics of three different types of commercially available APM probe tips were evaluated. 
These microcantilevers are shown schematically in Figure 5 as well as in the scanning electron micrograph of Figure 1. 
Microcantilevers typically come from the manufacturer attached to a large rectangular chip (ca. I mm wide x 3 mm long x 
1 mm thick) that is used to facilitate manipulation and mounting, and all those evaluated in this work were used as received. 
The microcantilevers used were: a triangular silicon nitride 51*3^^4 microcantilever (labeled "I" in Figure 5, with a length of 
1 80 /im, a width of ISfim and a bending force constant k~03N/m, from Park Scientific); a rectangular silicon nitride 
microcantilever (labeled "11", 200 fwi in length and 20 ftm in width, bending force constant k ~02N/m, Park Scientific); 
and a triangular silicon nitride cantilever (labeled "III", which was 320 /im long and 22 fim wide, with a bending force 
constant k ~0.l N/m, Park Scientific). Each was 0.6 fim thick. The Type I cantilever was coated with aluminum on one side 
to see how this would affect its optical response characteristics; Types II and III were used as received from the manufacturer, 
with a gold/chromium film uniformly covering one side. 

An essential aspect of any scheme for micromechanical optical detection is the ability to sensitively detect physical 
changes resulting from thermal stress, since this directly affects the sensitivity and precision in measurement of temperature 
change or thermal flux. As an initial evaluation of the ability to detect optically-induced bending of a microcantilever, each of 
the three types of microcantilever were subjected to both mechanical and optical excitation, and their response measured as a 
function of excitation frequency. Mechanical excitation was achieved by driving the piezoelectric element in the AFM chip 
holder with the reference signal from the lock-in amplifier; such mechanical excitation spectra are helpfiil in locating resonance 
frequencies for allowed microcantilever bending modes. Optical excitation spectra were obtained by modulating the pump laser 
with the lock-in reference signal. Typical response si^ectra for a triangular microcantilever (Type III) are shown in Figure 6. 
The mechanical spectrum (curve "A") shows two resonances, at 6 kHz and 3ikHz , attributable to the fundamental transverse 
resonance and a higher-order resonance (possibly torsional bending), respectively. The optical spectrum (curve "B") shows 
similar resonance features, although with somewhat different relative intensities; a large, broadband response is also noted at 
low frequencies. No synchronous oscillatory response was noted when the microcantilever was excited with constant dc laser 
power (curve "C"). Similar response was noted under these conditions for the other two microcantilevers. 
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Figure 7. Noise equivalent power (NEP) as a function of modulation frequency for a Type III Si^^ microcantilever. 
Optical excitation at 785 nm, utilizing bimetallic bending induced in a gold/chromium film. 

Figure 6(B) shows that microcantilever response to optica] input decreases rapidly for frequencies above 10 Hz, but 
that mechanical resonance is still observed even at frequencies well above \OkHz. In fact, the Type I and n microcantilevers 
exhibited strong optical resonance at frequencies of. IT kHz and 14 kHz, respectively; these modes correspond to the 
fundamental transverse resonances for the microcantilevers. Such resonant response demonstrates that reversible heating and 
bending of the cantilever occurs as a result of optical excitation, producing mechanical vibration. These resonances also have 
quality factors that are identical to their mechanically-driven counterparts, confirming that optically-pumped mechanical 
vibration is occurring. 

The rapid roll-off in response observed in Figure 6(B) is attributed to thermal equilibration of the cantilever at high 
modulation frequencies. Because the cantilever must dissipate heat between laser pulses, the finite thermal conductivity of its 
legs limits the rate at which heat from these thermal in^ulses can be transferred out of the microcantilever and into the siqiport 
structure (the chip); thus, as modulation frequency is increased and the microcantilever approaches thermal equilibrium, 
changes in thermal stress as a frmction of time approach zero. Comparison of the response of the Type 11 and Type III 
cantilevers showed that the rectangular Type II microcantilever had a higher relative response at frequencies above 7.5 kHz. 
We believe this is due to more effective thermal transfer for the rectangular geometry. Since the rectangular microcantilever 
does not have a geometric restriction between the cantilever and the chip, transfer of thermal energy absorbed at the tip should 
be more rapid than that for the triangular microcantilever, which has a large area tip suspended on relatively narrow legs. The 
direct route of thermal transfer in the rectangular microcantilever appears to allow it to maintain a thermal differential at higher 
optical modulation frequencies, and hence to continue responding to the time varying optical stimulus at frequencies well above 
those practical with the triangular geometry. 

In order to evaluate the role of optical reflectivity (or thermal absorptivity) on microcantilever response, a silicon 
nitride microcantilever (the Type I specimen) was coated on one side with a thin layer of aluminum; note that the 
manufacturer's gold/chromium film was removed prior to aluminum deposition. This produced a microcantilever that had a 
nearly transparent body that was highly reflective to the pump laser on the aluminum coated side (reflectivity, R ~ 0.95 at 
786 nm), but slightly less reflective on the uncoated side (due to absorption of the pump radiation upon transmission through 
the Si3N4 cantilever body). As expected, the resonant frequency of this cantilever was found to be 1 7 kHz . However, when the 
imcoated side of the microcantilever was illuminated (reverse geometry), the magnitude of bending response at all frequencies 
increased by about 20% in comparison to normal illumination on the reflective side. We believe this difference is attributable 
to increased absorption of the pump beam upon transmission through the SijN^ material, resulting in more effective 
transduction of optical energy into thermal heating of the microcantilever. While this simple experiment demonstrates that 
sensitivity can be improved by increasing absorption of infringing optical radiation, it is obvious that to optimize the method 
further suitable optically absorbing coatings are needed (such as carbon black, gold black, or other broadband absorbers). 
Unfortunately, such materials were not available for this study. 
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Figure 8. Photometric response for a typical microcantilever (Type DI) at various optical pump levels using excitation at 20Hz, 
400Hz and 6kHz. 

Photometric response was fiirtlier characterized by measuring microcantilever response at various modulation 
frequencies and optical pun^) levels (Figures 6 and 7, and Table I). For the Type III 513^4 microcantilever, we estimate a 

noise equivalent power (NEP) of 3.5nWJHz at 20Hz, where NEP ={y„„i^e I B){PIV signal), V„oise is the background noise 

level on the cantilever over a lock-in amplifier bandwidth, B, of 0.26 Hz, and P is the incident optical power producing an 

• 7 u 2 1 

observed signal, V,ig„ai- Specific detectivity, D , is equal to 3.6x10 cm Hz IW under these conditions, where 

and A is the area of the detector element. Note that the characteristics of this initial, imoptimized 

microcantilever compare quite favorably with some room temperature technologies currently under development, including 
indiimi antimonide photoconductors (NEP= 5nW at 500 //z)^', but are not yet competitive with silicon microbolometers 
{NEP=5pWIHz, NETD = 40mK at SOHzf* or pyroelectric devices {NEP = &pWIHz, D =3.5x\o\m-Hz^^lwf\ 
However, in contrast to these highly optimized exan:q)les, several sinq>le improvements to our microcantilever system are 
obvious that could improve performance dramatically. For instance, since the metal coating on 

Table I. Photometric response at 783mn for a gold/chromium coated Si^^ mictocantileveT (Type ID). Data at 6.02kHz was 
obtained at the mechanical of the microcantilever. 
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the tested cantilevers is highly reflective at the pump wavelength (for gold, /?> 98% at 785 nm), use of an improved absorptive 
coating (such as gold black, R<2%) could improve NEP in this exan^le to <15pW : Furthermore, the observed detection 
limits appear to be determined by readout noise in our optical detection circuit. We believe that with careful design of this 
circuitry, performance could be substantially improved. Finally, response of the microcantiievers was extremely linear (with a 
correlation coefficients, n > 0.99995) for all but the highest test levels; roll-off in measured response for very high laser 
modulation levels is an artifact of our method for modulating the pump laser, which exhibited a reduced depth of modulation at 
high drive levels. 

4. CONCLUSIONS 

We have demonstrated that microcantiievers represent an important development in room temperature infrared 
detector technology, and can be expected to provide the basis for considerable further development. For example, while the 
microcantiievers employed here were optimized for standard AFM applications (and were in fact designed to minimize thermal 
sensitivity), vastly improved detectors could be produced by making relatively simple changes in the materials and geometries 
used in microcantilever fabrication. It is possible to design microcantiievers with much smaller force constants by varying the 
geometry of the cantilever, and in contrast to the devices used in this study, cantilevers with force constants as small as 
0.006 A^/ m are now commercially available. Since the fundamental mechanical resonance frequency of a microcantilever is 

proportional to , reductions in force constant can be used to bring resonance into ranges compatible with mechanical 
chopping frequencies. It is also clear that the coatings applied to the cantilever are at least as important as the composition of 
the cantilever itself. For example, high thermal expansion bimetallic coatings (such as films of Al, Zn, Pb, or In) could be used 
to increase the thermally-induced bending of the cantilever. Coating the surface of the cantilever with high emissivity materials 
(such as gold black) can also enhance IR response. 

Since microcantilever spectral response can be easily tailored through the application of specific absorptive coatings, 
choice of material for fabrication of the microcantilever can be determined primarily by the requirements of the manufacturing 
process. This means that microcantiievers can be fabricated using standard semiconductor methods and materials, and as a 
consequence could be mass produced at very low cost. Hence, two-dimensional cantilever arrays based on the technology 
described here could become very competitive with existing technologies due to their inherent simplicity, high sensitivity, and 
rapid response to optical radiation. While the optical readout method is useful with single element designs, practical 
implementation of microcantilever arrays may require the use of other readout methods, such as piezoresistance. Fortunately, 
the microcantilever technology's compatibility with a variety of readout methods also affords tremendous flexibility to potential 
system designers. 
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